Characterization of a non-linearity test for tantalum thin film resistors. by Seitzer, Philip W.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1975
Characterization of a non-linearity test for tantalum
thin film resistors.
Philip W. Seitzer
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Electrical and Computer Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Seitzer, Philip W., "Characterization of a non-linearity test for tantalum thin film resistors." (1975). Theses and Dissertations. Paper
1754.
CHARACTERIZATION OF A NON-LINEARITY 
TEST FOR TANTALUM THIN FILM RESISTORS 
by 
Philip W. Seitzer 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
Electrical Engineering 
Lehigh University 
1975 
ProQuest Number: EP76026 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76026 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This Thesis is accepted and approved in partial fulfillment 
of the requirements for the degree of Master of Science. 
/fey 9, S97S' 
^(date)  
Professor in Charge 
Chairman of Department 
ii 
Acknowledgment 
The writer would like to express his appreciation to the following 
people for their contributions to this work: 
Mr. J. A. Stortz, who assisted in the performance of the 
experiments. 
Mr. R. E. Medei and G. L. Allerton, who advocated the use of company- 
time and equipment for this thesis. 
Dr. F. Hielscher, who directed the work and provided many helpful 
suggestions. 
Mrs. Rita Seitzer, my wife, without whose assistance the work would 
not have been possible. 
iii 
Table of Contents 
Title Page i 
Certificate of Approval ii 
Acknowledgements iii 
Table of Contents iv 
List of Figures v 
List of Tables vi 
Abstract 1 
I. Introduction 3 
II. Resistor Life 5 
III. Methods of Harmonic Measurements 7 
IV. Background Information for the Experimental 13 
Investigations 
V. Experiment I - The Significance of Power Density 16 
VI. Experiment II - The Significance of Temperature 22 
VII. Experiment III - The Significance of DC Bias 27 
VIII. Experiment IV - The Effectiveness of the Test at - 29 
Finding Faulty Resistors 
IX. Discussion and Conclusions 32 
Figures 3^ 
Tables 1+6 
Bibliography 50 
Vita 52 
iv 
List of Figures 
Fig. 1  Simplified Block Diagram of a Generalized Harmonic 
Measurement System 
Schematic Diagram of the Network Investigated 
Complete Block Diagram of the CLT-1 Test System 
Measured 30 KHz Power Versus Applied 10 KHz Power for the 
Various Resistors 
Variation of 30 KHz Power With Resistor Value and Resistor 
Area for 0.1 Watt Applied 10 KHz Power 
Measured 30 KHz Power Density Versus Applied 10 KHz Power 
Density 
Distributed Circuit Model of Bristow, Clough, and Kirby 
Variation of Measured Third Harmonic Power Density With 
Temperature for Different Values of Applied 10 KHz Power 
Density 
Fig. 9  Expanded Graph of the 10w/in2 and 150 W/in2 Curves of Fig. 8 
Fig. 10 Variation of Measured 30 KHz Power Density With Total 
(AC & DC) Applied Power Density 
Fig. 11 Bar Graph Showing Distribution of T.H.I, Readings for Twelve 
Good Resistors and Ten Resistors With Voids 
Fig. 12 Distribution of the Difference Between Measured and Calculated 
30 KHz Power Readings for the Twenty-Two Resistors 
Fig. 2 
Fig. 3 
Fig. h 
Fig. 5 
Fig. 6 
Fig. 7 
Fig. 8 
List of Tables 
Table 1 - Characteristics of Resistors on the Test Circuit 
TabJe 2 - Relationship Between 30 KHz Voltage (Uncorrected) and 
Analog Meter Indication 
Table 3 - The Relation Between Resistance and Area for Five 
Resistors 
Table U - Comparison of Resistance and Third Harmonic Temperature 
Coefficients 
VI 
Abstract 
Of great importance to a manufacturer or user of resistors is the 
life expectancy of these components.  Unfortunately, tests which indicate 
this life expectancy require a long time to perform. An indirect but 
much faster means of predicting the life of a resistor is to determine 
its nonlinearity, by measurement of its third harmonic distortion. 
In this study, a third harmonic distortion test on tantalum nitride 
thin-film resistors on ceramic substrates was investigated. The 
resistors have values between 3000 ohms and 35,000 ohms and are located 
in a network containing thin film capacitors.  The test to be character- 
ized applies a 10 KHz signal to the resistors and measures the 30 KHz 
signals which result. 
On visually perfect resistors, a relationship between the applied 
10 KHz and the measured 30 KHz power densities, in watts per square 
inch, was obtained. This relationship is 
P3 » k.2  X 10-li+ watts-2 (Px) 3, 
independent of resistor value. 
The temperature dependence of the 30 KHz observed power, although 
small, is larger than the temperature dependence of the DC resistance 
value. The temperature coefficient of the third harmonic is approxi- 
mately -2200 ppm/°K, compared to -100 ppm/°K for the TCR.  The 
activation energy for the third harmonic power was .028 eV compared to 
.001 eV for the TCR, indicating that a different physical process is 
responsible for the temperature dependence of the third harmonic power. 
-1- 
The simultaneous application of DC bias to the resistors during 
the distortion measurement is insignificant, provided that the resistors 
are not heated excessively. 
The third harmonic distortion test was found to be very reliable 
in detecting resistors containing voids.  Resistors containing voids 
such that the line width at one or more locations was decreased to less 
than 75$ of its nominal value produced 30 KHz power at least an order of 
magnitude larger than that produced by a visually perfect resistor. 
-2- 
I.  Introduction 
When an engineer considers a resistor as a circuit element, 
he usually assumes that he is dealing with a perfectly ideal resistor. 
Occasionally, variations from this ideality must be considered, for 
example the distributed capacitance and/or inductance associated 
with the resistance structure. 
Another variation which exists is the departure of the current- 
voltage behavior from an ideal straight line, known as non-linearity. 
Resistors are normally manufactured to follow Ohm's law, V=IR where 
R is a constant.  Real resistors are not always constant.  They show, 
among other things, a dependence on temperature and on the magnitude 
of the applied voltage. 
One would expect that in a carefully designed and properly 
constructed resistor, the magnitude of the deviation from perfection 
would be very small and this is usually true.  A typical variation 
might be on the order of one part per million. 
The engineer who is designing a circuit with a resistor which is 
supposed to be linear may need to consider the quantity of non- 
linearity present.  Non-linearity could cause unexpected or abnormal 
circuit behavior such as: 
1. Intermodulation (cross-modulation) distortion in a high- 
frequency circuit. 
2. Reduced longevity or shorter time to failure. 
3. Extreme sensitivity to variation in voltage or temperature. 
-3- 
In this thesis, the application of a linearity test to a tantalum 
thin film resistor network will be studied.  The questions to be ad- 
dressed are: 
1. What are the expected characteristics of the test on this 
particular network? 
2. How might the results of the test be used with life data to 
predict the end-of-life of the network? 
.k- 
II- Resistor Life 
The definition of the life of a resistor is that interval of time 
between the completion of manufacture and the time that the resistance 
value has permanently changed by a certain percentage.  Resistors are 
designed so that this time interval is as long as possible.  This means 
that the life of a resistor is a very difficult thing to measure because 
the time involved might be hundreds of years. 
Many techniques have been developed to try to determine this time 
indirectly, and the majority of them are beyond the scope of this 
thesis.  The principal technique which has been in use at Bell 
Telephone Laboratories and Western Electric is that of accelerated life 
testing.  In this technique, samples of the resistors to be evaluated 
are placed in an air chamber at an elevated temperature and biased with 
DC voltage.  The magnitude of this voltage is chosen so that the power 
rating of the resistor is exceeded by a factor of two to five. 
The DC resistance value of the resistor is measured after certain 
time intervals have passed.  From the plot of AR/R initial, the 
expected life of the resistor can be extrapolated.  The principal 
disadvantage of this technique is that the time intervals are still 
quite long.  A typical resistor might require as long as a year for 
the end point measurement to be made. 
One of the observations which has been made is that there 
appears to be a relationship between excessive non-linearity and 
shortened life.  This relationship is presently under investigation for 
tantalum thin-film resistors by a number of workers in Bell Telephone 
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Laboratories.  Although the end point measurements have not been 
made at this writing, preliminary results indicate that a close 
relationship exists. 
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III.   Methods of Harmonic Measurements 
There are two types of non-linearity which are evident in 
resistors.   In the first type, at a high level of applied voltage, 
the sudden appearance of non-linearity, similar to avalanche current 
in a reverse-biased diode, may be observed.  The second type is a 
small but consistent deviation from strict linearity which is present 
at all applied voltages (a slight deviation from Ohm's law).  It is 
this second type of non-linearity which is investigated in this 
paper. 
Not all types of fixed resistors exhibit non-linearity which 
9 l is measurable.z Resistors which consist of a metallic conductor (such 
as a wire-wound resistor) exhibit neither ohmic non-linearity nor 
current noise over the range of measurement which available instrumenta- 
tion permits.  In contrast, resistors which utilize a semiconducting 
material either in solid form or as a film do exhibit both non-linearity 
and current noise.  Thus, there is an indication that both of these 
phenomena are related to the nature of the resistive material. 
There exist some preliminary experimental indications that 
resistors which normally do not exhibit ohmic non-linearity will do 
so if they contain certain manufacturing defects.  This suggests that 
a non-linearity measurement might be useful as a screening test 
during the manufacturing process to detect such defects. 
■'■P. L. Kirby - "The Non-Linearity of Fixed Resistors1', Electronic 
Engineering, V37 No. 453 (Nov. 1965) pp. 722-726. 
2lbid. 
3R. S. Willadsen - "Evaluating Components with a Non-Linearity Tester", 
Evaluation Engineering, (July/August 1967). 
. -7- 
Probably the simplest way to determine the non-linearity of a 
resistor is to accurately measure its current-voltage characteristics; 
that is, to apply a range of DC voltages and to measure the resulting 
current. 
This direct measurement method has several inherent disadvan- 
tages.  The major one is that the change in current due to non- 
linearity is very small when compared to the current that is 
measured.  The per cent error involved (typically one part per 
million) is of the same order of magnitude as the errors inherent 
in the best ammeters available today. 
A second disadvantage is apparent when one attempts to use this 
method on film resistors.  The measurement is made by rapidly taking 
two current measurements at different voltage levels.  This can not 
be accomplished with film resistors due to the unavoidable heating 
effect of the resistive element.  The variation in resistance which 
will result is due to the temperature coefficient of resistance. 
A third disadvantage is the dependence of the non-linearity 
itself on the level of applied voltage at which it is measured.  If 
the relationship between the current and voltage is not perfectly 
linear, then it is hardly to be expected that the slope of the 
current/voltage curve would vary linearly with voltage.  This means 
that more than only two measurements should be made to accurately 
describe the non-linearity of the resistor.  It also means that 
reference to an "apparent voltage coefficient" such as oC in the 
-8- 
expression: 
= 100 (RX - R2) 
R2 (VX - V2) 
where V2 = 0.1 Vj, is meaningless. 
An alternative to measuring the non-linearity of a particular 
device directly is to establish a correlation between the non-linearity 
and some other easily measured parameter, and then to measure that 
parameter instead.  P. L. Kirby has verified that there exists an 
excellent correlation between the current noise and non-linearity on 
film-type resistors.  Once this correlation is established for a 
particular resistor of interest, a current noise measurement might 
then be used. 
Measurement of current noise, however, also presents some 
difficulties.  Current noise (actually 1/f noise) increases in ampli- 
tude with decreasing frequency and is thus most easily measured at a 
low frequency (for example, 100 HZ).  At such low frequencies the 
actual measurement is relatively slow, since it is necessary to inte- 
grate the noise over approximately 10 time constants (10 7/= 10/fo) to 
obtain a reliable value for the noise voltage.  The measurement is- 
extremely sensitive to external fields, necessitating special 
shielding around the measuring equipment.  The inherent noise in 
a 1/f noise measurement system is frequently a significant part 
of the total noise that is measured, thus necessitating a correction. 
Finally, it is very difficult to measure current 
1-Millard, "Measurements of Non-Linearity in Cracked Carbon Resistors", 
IEE proceedings, (January 1959). 
-9- • 
noise in very low valued resistors. 
A third approach to the measurement of non-linearity is to 
apply a perfectly sinusoidal AC voltage to the component to be tested 
and to observe the amplitude of the harmonics generated by the 
resistor.  The small amount of non-linearity which is usually 
found in fixed resistors will result in a current of the following 
f 2 form: 
i = «v +)3v3 + J'v5 + Sv7    +  .... 
In this expression, only odd powers of voltage appear since the 
resistor is expected to be symmetrical with voltage, that is 
i (v) = i (-v). 
If it is assumed that fifth and higher order terms are negligible, 
3 
as has been experimentally confirmed on carbon resistors by Millard, 
then the amplitude of the third harmonic voltage is proportional to 
the third power of the amplitude of the applied fundamental. 
Kirby^ has stated that, whether or not the higher order 
effects can be neglected, the cubic expression is a very useful 
approximation.  He defines a unit which is suitable for measuring 
the non-linearity of a resistive element.  This unit is defined as 
Millard, G. H., Measurement of Non-Linearity in Cracked Carbon 
Resistors, Proc. Instn. Elect. Engrs., V. 106B (1959), p. 31. 
^Plambech, Kurt, "T.H.I., A New Approach for Determination of Voltage 
Coefficient", Solid State Technology, (May 1972), pp. 14, 18, 20. 
3Millard, G. H., "Measurements of Non-Linearity in Cracked Carbon 
Resistors", Proc. I.E.E., V. 106B (1969), pp. 31-34. 
4-Kirby, p. L., "The Non-Linearity of Fixed Resistors", Electronic 
Engineering, Vol. 37 No. 453, (Nov. 1965), pp. 722-726. 
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the Third Harmonic Index (T.H.I.)• 
T.H.I. = 20 log    V3 
"(V^P 
where V3 is the third harmonic voltage in microvolts R.M.S. and V]_ 
is the fundamental signal in volts R.M.S.  He points out that this 
will remain a constant for any resistor if higher order effects are 
negligible. 
Basically, there are two methods of measuring the harmonics. 
Probably the simpler of the two is the bridge circuit, which has 
1 0 been demonstrated by both C. E. Mulders and G. H. Millard.   The 
principal advantage of this approach is that there is no need to 
take precautions to filter the measuring voltage because the 
harmonics are partially balanced in the bridge circuit.  The prin- 
cipal disadvantage is that the method is slow, since the bridge must 
be rebalanced at the fundamental frequency for every device tested. 
The second method is the direct measurement method which is 
shown in a block diagram in Figure 1.  In this measurement system, a 
pure fundamental sine wave is applied across the device being tested 
and a voltmeter which responds only to the desired harmonic is 
connected to the same two terminals.  A low pass filter must be used 
between the generator which produces the fundamental frequency and 
C. E. Mulders, "Non-linear properties of Carbon Resistors1', 
Tijdschrift van het Nederlandsch Radiogenootschap, Vol. 22 No. 6, 
(Nov. 1957) pp. 337-347. 
G. H. Millard "Measurements of Non-Linearity in Cracked Carbon 
Resistors", Proc. of the Inst. of Elect. Engrs., Vol. 106B (1959), 
pp. 31-34. 
JV. Peterson and P. 0. Harris, "Harmonic Testing Pinpoints Passive 
Component Flaws", Electronics,(July 11, 1966) pp. 95-100. 
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the component to be tested to insure that the harmonic distortion of 
the generator is not measured.  In addition, a band pass filter is 
required ahead of the voltmeter to insure that the fundamental 
frequency is not being measured. 
The advantages of this method are that the results can be obtained 
quickly and no adjustments are required to make the measurements. 
The principal difficulty is that the low pass and band pass filters 
must themselves be free from non-linearities.  This requirement 
places severe restrictions on the design of these items and will 
probably restrict the generator to single frequency operation and 
restrict the voltmeter to the measurement of only one of the harmonics. 
-12- 
0
      IV.   Background Information for the Experimental Investigations 
In this section, the network which was used for the experi- 
mental investigation and the specific equipment set-up will be 
described. 
The resistors to be tested are part of a filter network, 
which consists of 21 tantalum nitride thin film resistors and 14 
tantalum capacitors on a ceramic substrate.  Figure 2 shows a 
schematic diagram of the network.  At the point in the manufacturing 
process where the test is to be performed, the resistors have not yet 
been adjusted to their final values.  At this point the actual 
resistor values are 50 to 70 per cent of the values shown in the 
schematic, and will be adjusted to the desired value by an 
anodization process at a later time.  Table 1 is a detailed 
description of the components on a typical circuit at this point. 
o 
The resistor films consist of an 800A layer of tantalum nitride, 
formed by reactively sputtering tantalum in an argon atmosphere which 
contains a few per cent of nitrogen.  The chamber and substrate are 
at a temperature of 200°C during this process.  Following resistor 
pattern generation, a layer of tantalum pentoxide (an insulator) is 
formed on the surface of the resistors by anodizing in a water bath 
to a voltage of 30-35 volts. The thickness of this layer is approxi- 
o 
mately 150A.  The resistors are then thermally stabilized by heating 
in air at 250°C for 5 hours. 
A visual inspection step is normally performed at this point 
to remove any circuits which contain defects produced during the pattern 
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generation, and which might not be detected during subsequent processing 
and testing. These types of defects might affect the reliability of the 
product, producing premature failure of the circuit. Because the visual 
inspection step is costly and also somewhat subjective, it was desired to 
investigate the possibility of replacing this step with a third harmonic 
test. 
The measurements of non-linearity were made using a Type CLT-1 
Component Linearity Test equipment, manufactured by Radiometer, A. S., 
of Copenhagen, Denmark.  A block diagram of this eauipment appears in 
figure 3.  The eauipment applies a 10 KHz voltage to the unit under 
test and measures the 30 KHz voltage which is produced.  The measure- 
ments are thereby limited to an evaluation of the third harmonic. 
The CLT-1 has an input terminal which allows the 10 KHz applied 
voltage to be externally programmed.  In this experimental setup, the 
output of a D to A converter was connected to this terminal which pro- 
duces a DC voltage proportional to the 30 KHz voltage being measured. 
This terminal was connected to the input of a digital voltmeter.  The 
digital voltmeter and D to A converter were tied into a data acquisition 
system. This arrangement provided automatic adjustment of the 
fundamental, amplitude in a prescribed sequence and automatic digital 
recording of a number which represents the 30 KHz amplitude. 
The controls on the CLT-1 were adjusted so that the recorded 
analog voltage represented the logarithm of the third harmonic voltage. 
Table 2 shows the relationship between recorded meter reading, third 
harmonic voltage expressed in dB and expressed in volts. This relation- 
ship was not changed during these experiments. The important relation- 
-lU 
ship is that: 
1 count on the digital voltmeter = .06 dB of 30 KHz voltage 
The equivalent circuit for the 30 KHz voltage appears in the second 
part of figure 1. It is seen that the impedance of the device being 
measured and the input impedance of the band pass filter form a voltage 
divider across the 30 KHz generator. 
If Ri represents the impedance of the unit under test at 30 KHz 
and Rm represents the filter impedance, then the correction factor for 
the meter indication Vm will be: 
V3 = |1 + Rm|, Vm 
^      In dB, this expression becomes 
1 + Rm I Vm 
The CLT-1 bandpass  filter has  an impedance of Ri = 1000 ohms, thus 
the  correction factor becomes quite significant  for the higher valued 
resistors. 
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V.  Experiment I - The Significance of Power Density 
During some very early experiments with the equipment, it was 
observed that the magnitude of the third harmonic voltage which was 
measured on various resistors varied over a very large range, and 
although it depended on the applied voltage, there appeared to be 
additional factors which were affecting it. 
An experiment was set up to determine whether there exists a 
relationship between the fundamental power which is applied to a 
resistor and the third harmonic power which is measured.  The argu- 
ment for this is that for the same value of applied 10 KHz voltage, a 
low value resistor dissipates more power than a large value resistor. 
In order to keep the amount of energy dissipated by each resistor 
constant, the 10 KHz power should be chosen as the controlled variable. 
Similarly, it might be expected that a large value resistor would 
exhibit a larger third harmonic voltage. Thus the measured 30 KHz 
voltage was normalized to third harmonic power, using P = V^/Ro where Ro 
is the DC or small signal AC voltage of the resistor. 
Two circuits with the resistance network as shown in figure 2 were 
chosen for this experiment. These circuits had been inspected visually 
to ascertain that no pattern generation problems were present. Five 
resistors on each circuit were selected. These were chosen so that they 
all had the same line width and that they were all accessible (had no 
shunting capacitors that would provide low impedance paths to the 30 
KHz voltage). The resistors were also selected so that they covered a 
large range of resistance values. 
A series of 10 KHz voltages were applied to each of these resistors. 
These voltages were chosen so that they varied throughout the measuring 
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capability of the test equipment and were limited only when the third 
harmonic voltage produced became so low that it could not be measured 
or when the applied voltage became so high that amplifier distortion 
became significant.  The lower limit for the 30 KHz measurement was 
1X10~D volts and the upper limit for the applied voltage was 85 volts. 
The DC resistance values of the resistors on the circuit were used 
to obtain the power levels of both the 10 and 30 KHz signals.  The 
results for the five resistors which were investigated on the same 
circuit are plotted in figure U.  It is seen that five parallel lines 
are obtained, each with a slope of 3. The resistor with the lowest 
value produces the highest third harmonic power for a given fundamental 
input power. 
Figure 5 shows graphs of third harmonic power plotted against 
resistor value and against resistor area for the five resistors which 
were investigated. The data points were obtained from figure k    at a 
constant input power level of 0.1 watt. 
The slope of the power vs. area line turned out to be -2.13, i.e. 
very close to -2.0.  This indicates that, for a constant input power, 
the third harmonic power can be expected to vary as  1    . 
(Ar^a"P-/2 
The second curve in figure 5 shows the third harmonic power plotted 
against resistance value.  The curve is a straight line with a slope 
of -1.75. This means that the resistance values are approximately 
proportional to area, although other geometrical considerations such 
as the number of 90° bends and the spacing between bends might also 
affect the resistor value. Table 3 shows the ratio of resistance to 
area for the five resistors.  It is seen that only two of the resistors 
-IT- 
have ratios which differ greatly from 2.7Xlo6 ohms/in2.  If these two 
points (which correspond to the highest and lowest resistance values) 
are eliminated from the graph, a slope which is very nearly -2.0 is 
obtained, as shown by the dotted line on figure 5»  It is apparent from 
these curves that the third harmonic power has an area relationship and 
not a resistance value relationship. 
Because the area relationship seemed to be so important, it was 
decided to convert the 10 KHz input power and the measured 30 KHz power 
to power densities, and re-plot them. Previous measurements on these 
circuits have shown that there exists no significant variation in 
tantalum nitride thickness over the surface of the circuit^ which means 
that a direct relationship between the surface area and the volume of 
these resistors exists. The areas,which were obtained from pattern 
generation mask design information, were used to re-plot the data in 
units of power density. These densities are expressed in power per unit 
area but could equivalently have been expressed as power per unit volume. 
Figure 6 is the resulting graph.  It is apparent that all of the 
points fall on a single straight line, and that this line has a slope 
of 3. This indicates an important experimental result. The third 
harmonic power density (P3) is related to the fundamental power density 
(Pi) by the relation: 
P3 = Ki PX3 
lUndocumented discussion with D. Roman, Western Electric, Department 
1+170 on March 13, 1975. 
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The  data points  on the  graph of figure 6 were used to obtain an 
exact  equation  of the line,  using the method of least  squares.     This 
was  found to be: 
P3 = U^lXlO-l^ watts"2  (Pi)3*085 
From these results, it is clearly indicated that the power density 
(of both the fundamental and third harmonic), rather than the power, is 
significant. 
In 1968, Kuo and Blank! reported the results of noise measurements 
on thick film resistors of different dimensions. They observed that 
the measured noise voltage was inversely proportional to the volume of 
the resistors.  In 1970, Bristow, Clough, and Kirby2 developed a theoret- 
ical model to explain this dependence, and extended their model to the 
analogous case involving non-linearity and resistor geometry. 
Their theory assumes that both noise and non-linearity are due to 
independent mechanisms which occur in small regions dispersed fairly 
uniformly throughout the resistor material. These regions are small 
compared to the minimum resistor dimensions. Although the actual 
characteristics of each "unit cell" will vary, they assume that the 
picture can be simplified to having g3 such regions, each with identical 
noise and non-linearity characteristics, in each cubic centimeter of 
resistor material. 
iKuo, C, Y. and Blank, H. G., "The Effects of Resistor Geometry on 
Current Noise in Thick Film Resistors", Proc. 196.8 I.S.H.M. Symposium, 
pp 153-160. 
2Bristow, C.W.H., Clough, W. L., and Kirby, P. L., "The Current Noise 
and Non-Linearity of Thick Film Resistors". 
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Their physical concept of this picture involves regions of semi- 
conductor material which have a varying electronic band structure 
distributed so that a large number of "junctions" of varying barrier 
height are connected by a resistive material (which is assumed to be 
noiseless and perfectly linear). They point out that both noise and 
non-linearity effects are known to occur at junctions located between 
materials having a different band structure. 
Their theory states that one may represent the physical conditions 
by a model (in 3 dimensions) whose two-dimensional form is shown in 
figure 7.  For the case of non-linearity, each individual resistor would 
be regarded as a series of coherent generators, each generator producing 
an in-phase signal corresponding to the third harmonic voltage of an 
applied fundamental waveform. A unit cell can be defined, each of which 
contains one such generator with a third harmonic voltage V3 and a 
portion of the interconnecting network represented by the resistor r. 
For simplicity, they assumed that resistors and generators are connected 
only in the direction corresponding to the applied field and all cross 
connections, in which the net current flow would be zero, are omitted. 
To explain the observed results, they assumed that each of the 
discrete generators produces an in-phase third harmonic voltage of 
magnitude V3 rms microvolts. .The effect of gl such generators in series 
is to produce a total third harmonic voltage: 
V3 = glv3 
It is seen that V3 is independent of both the width and the thickness 
of the resistor. 
When a fundamental voltage V^ is applied across the total resistor, 
-20- 
the voltage across each generator will be Vl/g]_.  The third harmonic 
voltage produced by each generator will be 
-m v3 
and since the total third harmonic voltage is V3 = glV3, then 
v3   _ K . 
(Vi)3 ~(il)3 
and T.H.I. = 20 log ( V3 "} = 20 logf K 
(TOT?J {TIT 
Here, the T.H.I, is seen to be independent of both width w and thickness 
t. 
In the case of the more general equation 
V3 = K  (Vi)0, 
it can be shown that T.H.I. = 20 logf K     ( JTsn?CTJ*vi0-3. 
They point out that the general equation reduces to the more special 
case result under two conditions: When 0 = 3 at any level of 
fundamental voltage; and for any value of 0, provided the applied 
fundamental is proportional to the length of resistor under test.  Our 
experimental results showed that 0=3. We thus find excellent experi- 
mental agreement with their theory, even though the theory does not 
account for the small thicknesses of thin films. 
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VI.   Experiment II - The Significance of Temperature 
One of the things that may make an electrical test extremely 
difficult to perform at production-line speeds is having the parameter 
being tested turn out to be temperature sensitive. Some of the models 
that have been proposed for the physical mechanism responsible for non- 
linearity (such as the "rectifying junction" model proposed by Kirby1) 
would indicate a high degree of temperature sensitivity. Because of 
this, it was felt necessary to determine the temperature dependence of 
the non-linearity test by experiment. 
The experiment was designed to determine the behavior of the third 
harmonic test with temperature, and six resistors were chosen for this 
experiment. These were R6, R12, and R13» using two circuits. The 
resistors were inspected carefully to be certain that they did not con- 
tain voids, pinholes or other visible flaws. 
A special circuit holder was constructed which contained a large 
aluminum plate and a means to adjust and control the temperature of this 
plate. The circuits were placed in intimate contact with this plate 
using a layer of silicone heat-sink compound between circuit and plate, 
in order to insure that the circuits and the plate were maintained at 
the same temperature. 
This experimental set-up was used to generate a family of curves 
for each resistor, similar to those shown in figure 8, for R6. Power 
iKirby, P. L. "The Non-Linearity of Fixed Resistors", Electronic Engineer- 
ing, Vol 37 No. 453 (Nov 1965) p 725. 
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density of the measured third harmonic was plotted with respect to 1000 
T 
(T in degrees Kelvin), using input power density as a parameter.  Power 
densities were chosen because of the behavior which had been observed in 
experiment I. 
From these curves, the following conclusions can be drawn: 
(1) The effect of temperature on the third harmonic power 
density is very small. 
(2) Increasing the temperature causes the third harmonic 
power density to decrease. 
(3) The decrease of third harmonic power density with 
increasing temperature is independent of the fundamental power density. 
Conclusion (3) above is further verified by the graph shown in 
figure 9. This graph is an expansion of figure 8, showing the-results 
of maximum and minimum fundamental applied power levels. It is quite 
clear that both lines have the same slope, which shows that in each 
case the same physical mechanism is responsible for the observed change. 
From the curves of figure 9, it is possible to calculate an 
activation energy associated with this physical process, assuming this 
process to be thermally activated. Using the expression 
P = Po exp -/ E^t 
the calculated value for the activation energy is 
E = 0.0279 eV. 
Previous experience with the circuits which were being used for ^his 
investigation indicated that the film always has a negative temperature 
coefficient of resistance. It was decided to determine whether a 
relationship exists between the T.C.R. and the temperature dependence 
-23- 
of the third harmonic power. 
Table k  details the results of a limited experiment which was 
performed on two circuits. The temperature coefficients of resistance 
for five resistors were determined. In analogy with the definition of 
the T.C.R., the temperature coefficient of third harmonic power density 
can be defined as 
TCP3 = (P3 - p3)l00< 
(TP3 ~ 
TP3)P3     ' 
where P3 indicates ambient conditions and p-, indicates non-ambient. 
This quantity was determined for some of the resistors and also appears 
in table h. 
From the data in table U, it is apparent that the third harmonic 
power temperature coefficients are much higher than the resistance 
temperature coefficients. 
Assuming that the T.C.R. is also thermally activated, the activation 
energy can be calculated. This yields E = 0.00107 eV for R6, circuit 
31 in table U. "This energy is much lower than that obtained previously 
for the third harmonic power. 
In a very recent paper1, Lorenz and Poltsberger proposed the 
following analysis for the behavior of a resistor which depends on both 
temperature and voltage.  If one represents the temperature and voltage 
dependences by power series, then 
iLoreftZt H» p« and Poltsberger, H. W. Distortion of Resistor Films 
Nachrichtentechn Z, 27(5) (1971*), pp 190-195. 
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(1) R = Ro (1 + axAT + a2AT2 +. . . )(l + bx V + b2 V2. . .). 
Since the device is assumed to be symmetrical about V, then 
(2) R(T,V) = R(T,-V), so 
(3) R = Ro(l + aiA T + a2£ T2 +,...) (l + b2 V2 + b^ V4+ . . .) 
If the higher order terms are neglected, then 
(U)  R = Ro(l + a1AT)(l +b2 V2). 
The definition of the temperature coefficient of resistance (TCR) is 
(5) o(* 1 dR 
R dT 
so   o( s a^. 
The voltage coefficient of resistance is 
(6) s. k ( 2£.\ R \ iT y ' vo 
so 
(T) SVQ = 2 b2 VQ. 
When a current at fundamental frequency w passes through the resistor, 
the voltage across the resistor will be 
(8) V = vx sin(wt + 0-^ + V3 sin (3 vt + 03). 
Since V3 is usually much smaller than Vj_, then 
(9) V3 = 1/2 Vj_ [(a-^)2 - a^b^2 cosEo + (1/2 b2 Vj2)2]1^ 
where fl is related to the thermal conductance between the resistor and 
the substrate,Eo is a frequency dependent term involving heat transfer 
from the resistor. At high frequencies (e.g. 10 KHz), Eo approaches 
90°. The cosine of Eo approaches 0, so 
(10) V3 = 1/2 Vx [(axr)2 + (1/2 b2 Vx2)2]1/2 when w->00. 
There are two special cases of interest. The first case arises when 
b2 = 0, which occurs when harmonic distortion is absent. Then, 
(11) V3 = 1/2 V±  [(air)2] 
-25- 
and the temperature coefficient of the third harmonic voltage produced 
is the same as the temperature coefficient of resistance. 
The second case arises when aj_ s o.  Then, 
(12)  V3 = 1/U (b2 V-L3). 
This occurs when the temperature coefficient of the resistor film is 
zero, and third harmonic voltage would be caused completely by the 
distortion term b2. 
Since the activation energy and temperature coefficient for the 
measured third harmonic power were both greater than those obtained for 
the T.C.R., it is apparent that neither of the special cases of equation 
(10) can be applied.  This means that although some of the third harmonic 
power might be attributed to the temperature coefficient of the film 
resistance, another portion is due to a distortion in the film as in 
equation (12). 
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VIII.  Experiment III - The Significance of DC Bias 
One of the features of the CLT-1 Component Linearity Test Equip- 
ment is that terminals are provided to allow the application of DC bias 
to the device being tested.  This bias is applied through an inductor 
which is designed to prevent the low A.C. impedance of the bias supply 
from affecting the measurement. 
It was desired to determine the effects of an additive DC bias 
in addition to the 10 KHz signal on the measured third harmonic readings, 
An experiment, using an "identical" resistor on two separate circuits, 
was performed. Any changes which the application of bias might cause 
could then be investigated more completely if they occurred. 
It was quickly determined that it is necessary to have a quiet 
bias supply for the readings to be meaningful. When this problem was 
solved, an experiment was performed which produced the results shown in 
figure 10. 
The 10 KHz input power density was kept constant at 20 watts per 
square inch. The DC bias was then allowed to vary from 0 to 1100 watts 
per square inch and the magnitude of the resulting 30 KHz voltage was 
measured. The total applied voltage (DC + AC) was then converted to 
power density and recorded on figure 10. 
From figure 10 and similar data for the other resistor, the 
following observations are made: 
(1) The magnitude of the third harmonic voltage (and power 
density) measured did not change significantly for input 
power densities less than 100 watts per square inch. 
(2) As the total input power density increased above 100 watts 
-27- 
per square inch, the magnitude of the third harmonic power 
density decreased. 
(3) A third harmonic power density reading taken 10 seconds 
after removal of DC bias remained at a lowered level. 
Another measurement taken 60 seconds after removal of the 
DC bias produced a reading very close to that observed 
before the bias was applied. 
(h)     The resistor and substrate were found to be very hot 
immediately after removal of the high bias level, 
indicating that the circuit temperature rose during the 
test. 
In the non-linearity model of Bristow, Clough, and Kirby which was 
described in Experiment I, a basic assumption was that non-linearity 
is a symmetrical distributed bulk effect.  From this model, we would 
expect a dependence on bias only if the voltage starts to heat the 
resistor. 
These expectations have been confirmed. 
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IX.  Experiment IV - The Effectiveness of the Test at Finding Faulty 
Resistors 
The desired, result of characterizing the linearity test was to 
apply the test to screening defective resistors in production.  Although 
other investigators, for example Kirby , Willardson^, and Stanley3, 
have reported excellent screening capability of the non-linearity test 
on specific types of resistors, it was felt necessary to evaluate its 
applicability to our particular resistors. 
An extensive experiment is presently in progress which involves 
the determination of the normal distribution of third harmonic voltages 
obtained at a particular input power level for all of the resistors on 
the circuit.  The results of this experiment are not yet available. 
In order to present a preliminary indication of the capability of 
this test in detecting defects, a group of 10 circuits were collected at 
the visual inspection step in which R6 contained a void (a region where 
some of the resistor material was missing). The dimensions of the voids 
were measured, using an optical micrometer. It was found that at least 
75% of the resistor cross section was missing in these cases at one or 
more locations. Previous experiments intending to correlate visual 
inspection and accelerated life tests indicated that a degradation of 
life could be expected on these resistors. 
■•■Kirby, P. L., "The Non-Linearity of Fixed Resistors", Electronic 
Engineering. Vol. 37 No. 1+53 (Nov 1965) PP 722-726. 
2Willardsen, K. S., "Evaluating Components With a Non-Linearity Tester," 
Evaluation Engineering,(July - August 1967.) 
3stanley, K. W. , Improvements in Reliability of Metal Film Resistors", 
Mullard Technical Communications Vol 11 No. 109 (Jan 1971). 
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These ten circuits were combined with twelve circuits known to 
have a visually perfect R6.  Distortion measurements were then performed 
with an applied 10 KHz signal of 15 volts. 
The 30 KHz voltage readings were corrected for the loading effect 
of the low input impedance band pass filter and were then used to 
calculate the Third Harmonic Index.  Figure 11 is a bar graph which shows 
the distribution of T.H.I, values for the twenty-two resistors in the 
experiment.  Clearly, the T.H.I, values of the twelve good resistors 
form a tight distribution between -38.5 and -36 dB. The T.H.I, values 
for the ten resistors containing voids are located about a different 
mean value and form a much wider distribution.  The lowest T.H.I, reading 
for a circuit containing a void was TdB higher than the highest T.H.I. 
reading for a good circuit. 
From this graph, it is apparent that there exists an excellent 
margin between the T.H.I, value of a good circuit and that obtained for 
a circuit containing a void.  It was felt that a more quantitative value 
could be obtained for this margin if a statistical analysis were applied 
to the data. 
The data for the DC resistance value of each resistor in this 
experiment was used to calculate the 10 KHz input power density.  Using 
this value and the equation of the curve in figure 6, a predicted 30 
KHz power density was calculated, utilizing the assumption that every 
point would fall exactly on the curve.  The common logarithm of the ratio 
of measured third harmonic power density to predicted power density was 
obtained for each resistor. The distribution of these results is 
plotted in figure. 12. 
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On this figure, the mean values of the logarithmic differences 
between predicted and measured powers are shown for the total distribu- 
tion, the good group, and the group with defects. A Gaussian distribu- 
tion for the differences in good and bad groups was then assumed and 6~ , 
the mean square deviation, was calculated for both of these groups.  The 
3 cr limits for both groups are also shown on this figure.  The fact that 
the upper 3 or limit for the good group is less than the lower 3 o-limit 
for the bad group indicates that the test is better than 99.9$ reliable, 
assuming that the data obtained is typical. 
From this limited experiment, we can conclude that a third harmonic 
test may be useful to screen resistors with voids of more than 75%, at 
least on resistor R6.  Since previous work has indicated that a relation- 
ship exists between the presence of resistor voids and life, an indirect 
relationship between life and the third harmonic test is established. 
Obviously, a direct experiment between life and the third harmonic test 
on these particular resistors is required, and this work is presently in 
progress. Preliminary results have very recently been published1. 
-■-Melroy, D. 0., "Linearity Testing of Thin Film Hybrid Intregrated 
Circuits as a Production Screen for Defects, Proc.1975 Electronic 
Components Conference (May 1975). 
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X.  Discussion and Conclusions 
From the experimental work which has been performed, it is apparent 
that the third harmonic measurement test yields predictable results on 
the tantalum nitride thin film resistors which were used in this investi- 
gation. 
First, on visually good resistors, the 30 KHz power density that is 
measured can be predicted, knowing the applied 10 KHz power density. 
The relationship between them is: 
P3 = k.2  X 10-ll+ watts"2(P-^3 
This power density, in agreement with theory, is independent of 
resistor value. 
Secondly, the temperature dependence of the 30 KHz power density, 
although small, is larger than the temperature dependence of the D. C. 
resistance value. The temperature coefficient of third harmonic power 
was found to be approximately - 2200 parts per million per degree Kelvin. 
The temperature coefficient of resistance is about - 100 ppm. This 
indicates that a mechanism different from that responsible for the 
T.C.R. contributes to the temperature sensitivity of the non-linearity. 
The temperature sensitivity was observed to be independent of applied 
fundamental power level. 
Third, the application of a D.C. bias to the same resistors causes 
no significant change to the third harmonic power which is, measured, 
provided that the bias does not heat the resistor excessively. 
Finally, the test has been shown to be very reliable in detecting 
resistors which contained visual voids. All of the resistors with voids 
produced a 30 KHz power which was at least an order of magnitude higher 
-32- 
than that produced by a visually perfect resistor. 
From this characterization, the obvious next step to be taken is 
to set up an experiment which directly correlates the third harmonic 
test to resistor life data. This work is presently in progress and 
some results have been recently reported. 
J-Melroy, D. 0., ''Linearity Testing of Thin Film Hybrid Integrated 
Circuits as a Production Screen for Defects", Proc 1973 Electronics 
Components Conference (May 1975). 
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TABLE 1 
Characteristics of the Resistors on the Test Circuit 
# of Bends . 2 Area,in Nominal Value, Untrimmed* Accessible** 
Rl 20 .0092 22680 14.4K No 
R2 20 .0092 22680 14.3K No 
R3 35 .01185 57460 36. 6K Yes 
R4 8 .002425 11340 7.19K No 
R5 34 .01085 54370 34. 6K Yes 
R6 12 .00232 9980 6.4K Yes 
R7 8 .001175 4469 2.89K Yes 
R8 16 .003925 16360 10.2K No 
R9 10 .0023 9810 5.94K No 
RIO 10 .0023 9810 5.93K No 
Rll 12 .006925 32920 19.9K Yes 
R12 8 .00144 4905 2.98K Yes 
R13 8 .0033125 13950 8.65K Yes 
R14 8 .002025 8870 5.28K Yes 
R15 8 .00155 5000 3.23K Yes 
R16 0 .0013 754 491 Yes 
R17 6 .000975 2944 1.72K Yes 
R18 0 .004 200 140 Yes 
R19 0 .004 200 135 Yes 
R20 4 .001175 4100 2.53K Yes 
R21 .001175 4100 2.46K Yes 
*The numbers in this column indicate measurements made on a repre- 
sentative circuit before trimming to value. 
**This column indicates whether or not the resistor can be measured 
without considering the effects of a shorting capacitor. 
TABLE 2 
Relationship Between 30KHa Voltage (Uncorrected) 
and Analog Meter Indication 
Analog Meter 
Indication 
-200 
-100 
0 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
OdBRn = 10"8V by definition 
dB Rn 
38 
44 
50 
56 
62 
68 
74 
80 
86 
92 
98 
104 
110 
116 
122 
128 
134 
140 
30Ktfc Voltage 
7.94 x 10" 
1.58 x 10 
3.16 x 10" 
6.31 x 10" 
1.26 x 10" 
2.51 x 10" 
-6 
5.01 x 10' 
1.0 x 10 
1.99 x 10" 
,-4 
3.98 x 10" 
7.94 x 10 -4 
1.58 x 10" 
3.16 x 10 
6.31 x 10' 
-3 
1.26 x 10" 
2.51 x 10 -2 
5.01 x 10 
1.0 x 10" 
,-2 
-1*7- 
TABLE 3 
The Relat ionsh ip Between Resistance and Area for Five Resistors 
Resistor V; ilue, , ohms • 
2 
Area, in 
R 
A ohms/ 'in2 
R12 3. ,0K .00144 2. ,08 X 106 
R6 6. ,4K .00232 2. ,76 X 106 
R13 8. ,6K .0033125 2. ,61 X 106 
Rll 20K .006925 2. ,87 X 106 
R5 34. , 6K .01085 3. ,19 X 10 6 
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